Objectives: To describe a family of conjugative plasmids isolated from colonizing community Staphylococcus aureus and determine their ability to mobilize unrelated antimicrobial resistance/virulence plasmids, not encoding mobilization functions.
Introduction
Conjugative plasmids mediate self-transmission by encoding proteins for a mating pore formation (Mpf) system and a replicative DNA transfer (Dtr) system. The Mpf system comprises a Type-IV secretion apparatus, while the Dtr system consists of an origin of transfer (oriT) site and a relaxase protein, which nicks the oriT and recruits the resulting nucleoprotein complex to the mating pore. Transfer of plasmids lacking Mpf genes can be achieved through a process called mobilization, in which non-conjugative plasmids exploit the mating pore encoded by a conjugative plasmid. This requires the mobilizable plasmid to encode compatible Dtr components. 1 In Staphylococcus aureus the majority of plasmids encode neither Mpf nor Dtr genes and it has been proposed that they may transfer via phage transduction. 2 In Western Australia (WA), the genetic background of S. aureus from which the first community-acquired MRSA (CA-MRSA) in WA appears to have emerged has been determined. 3 Plasmids from this population have been sequenced, including the pIB485-type b-lactamase plasmid pWBG744. A further three plasmids, pWBG745, pWBG748 and pWBG749, were found to represent a new conjugative-plasmid family. 4 Recently, the pWBG745/749 family plasmid pBRZ01 was characterized in a Brazilian USA300 CA-MRSA and found to carry the vanA vancomycin resistance gene cluster and an aminoglycoside resistance determinant. 5 In the current investigation the epidemiological dissemination of pIB485/pWBG744 was examined and the role of pWBG749 in the horizontal transmission of this and other unrelated nonconjugative plasmids investigated.
Materials and methods
The sequences of pWBG745, 748 and 749 have been deposited in the NCBI database under accession numbers, GQ900389, GQ915265 and GQ900391, respectively. Table S1 (available as Supplementary data at JAC Online) presents isolates, plasmids and relevant information. The conjugative plasmids originated in colonizing, clonal complex (CC) 5 CA-MRSA from people living in remote WA. 3 Antimicrobial resistance/virulence plasmids pWBG744, pWBG762, pWBG761, pWBG747 and pWBG746 (Table 1) were from colonizing S. aureus from the same communities and pWBG756 was from a clinical Southwest Pacific CA-MRSA clone. 6 Plasmids pWBG757 and pMW2 are related plasmids from WBG10556 (W17S) and MW2, respectively. 3, 7 Isolate 08-16706 is a clinical CC75 CA-MRSA from WA and 04-15170 is a New York/Japan (USA100) MRSA from an outbreak in WA. 8 WBG10531 to WBG10545 are microarray-characterized S. aureus from Germany.
9
Isolates were grown in trypticase soy broth (TSB) and brain heart infusion broth (BHIB) (Becton Dickenson, North Ryde, NSW, Australia) and on brain heart infusion agar (BHIA) supplemented with appropriate antimicrobials. The frequency of conjugation/mobilization was determined as published using TSB, BHIB and BHIA. 10 Plasmid pWBG749 was labelled with Tn551 (erythromycin resistance) using bacteriophage 80a-mediated transduction of temperature-sensitive plasmid pRN3208 to give pWBG749e. Plasmid pWBG749e was conjugated into WBG541 to give WBG10526, which was used in all conjugation/mobilization experiments. To determine the Tn551 insertion point, junction primers were designed and the products sequenced.
Plasmid isolation was performed as described previously. 11 Conjugation and mobilization were performed in BHIB supplemented with 40% polyethylene glycol 4000 (Sigma-Aldrich, St Louis, MO, USA). Plasmid pWBG749e was conjugated into WBG10547 (WL6N) with selection on cadmium (8×10 25 M) and erythromycin (5 mg/L) to give WBG10546 and then
Results
Figure 1 presents a map of pWBG749 as the prototype plasmid of the pWBG749/pBRZ01-family. pWBG749 has 47 annotated ORFs of which 24 (SAP031A_005 to SAP031A_029) encode genes with putative protein homologies with conjugation proteins already in the NCBI database or similarity to transfer genes from other conjugative plasmids. Insertions of gene clusters encoding vancomycin and aminoglycoside resistance in pBRZ01 (Bioproject ID 183704) and penicillin resistance in pWBG748 are indicated outside the circle. The pWBG749 and pWBG748 replication genes were found to belong to the rep21 family while those of pBRZ01 and pWBG745 were of an orphan rep group; 2 the remaining genes were conserved on all plasmids.
pIB485-type plasmids were distributed among important MRSA and MSSA from CCs 5, 8 and 75 from diverse locations (Table S1 ). Hybridization did not detect SAP031A_041 or SAP031A_042 in any of the isolates. Similarly, of eight isolates of New York/Japan (USA100) MRSA from WA, 8 all harboured pIB485/pWBG744 and all were negative for SAP031A_041.
Plasmids pWBG748 and 749 were each conjugated out of WBG8381 into WBG541. Tn551 has inserted into pWBG749 between nucleotides 21 995 and 21 996 upstream of a resolvase gene (GeneID: 13875099) outside the possible Tra region. Plasmid pWBG749e has a frequency of conjugation of 6.25×10
24
. pWBG744 was mobilized into either WBG4515 with selection on cadmium, streptomycin (50 mg/L) and novobiocin (5 mg/L) or WBG541 with selection on cadmium, fusidic acid (5 mg/L) and rifampicin (25 mg/L). To eliminate the possibility that mobilization was caused by conjugation (Tra) genes elsewhere in the parent genome, mobilization was performed using the parental strain without pWBG749e. Mobilization of all other plasmids was performed similarly.
DNA was transferred onto Hybond-N+ nylon membranes (Amersham Biosciences UK Ltd, Little Chalfont, Bucks, UK). To demonstrate the presence of the pWBG749 Tra mechanism, regions of unique genes SAP031A_041 (GeneID: 13875114) and SAP031A_042 (GeneID: 13875115) were amplified and the PCR products were purified using the UltraClean PCR Clean-Up Kit (Mo Bio Laboratories Ltd, Carlsbad, CA, USA), labelled using the DIG DNA Labelling and Detection Kit and hybridized as directed (Roche Diagnostics Australia Pty Ltd, West Perth, WA, Australia). Hybridization signals were detected on Amersham Hyperfilm ECL (GE Healthcare Australia Pty Ltd, Paramatta, NSW, Australia).
Bioinformatic analyses were performed using MacVector 12.7. Circular BLASTN plasmid alignment was constructed using the BLAST Ring Image Generator. 12 Plasmid pWBG744 was mobilized from WBG10546 into WBG541 with a mobilization frequency of 2.95×10
28
. No mobilization occurred from the parent strain, indicating that pWBG749e was required for mobilization. EcoRI restriction and hybridization of plasmids from seven pWBG744 recipients revealed that pWBG749e had not moved with pWBG744 and SAP031A_041 and SAP031A_042 were not present in the recipients or plasmidfree recipient controls; however, they were present in WBG10526 and WBG10546.
To determine whether pWBG749 could mobilize pIB485/ pWBG744 from international S. aureus and a different genetic lineage, pWBG749e was conjugated into WBG10533 (CC8) to give WBG10549. Plasmid pIB485/pWBG744 was then mobilized into WBG4515. Of 10 plasmid recipients, all contained pIB485/ pWBG744 and one additionally contained pWBG749e.
To determine whether staphylococcal plasmids other than pWBG744 could be mobilized, plasmid pWBG749e was conjugated into CC5, CC45, CC12 and singleton 93 MSSA and CC5, CC30 and CC1 MRSA that collectively harboured five genetically Figure 1 . Circular map of conjugative plasmid pWBG749 with insertion points for antimicrobial resistance determinants found in pBRZ01 and pWBG748. pWBG749 is presented as the prototype of the pWBG749/pBRZ01 family of conjugative plasmids. The putative conjugation cluster genes SAP031A_005 to SAP031A_029 are labelled according to the NCBI GenBank locus on pWBG749 and are conserved on all plasmids. Insertions of gene clusters encoding vancomycin and aminoglycoside resistance in pBRZ01 (Bioproject ID 183704) and penicillin resistance in pWBG748 are indicated outside the circle. Genes are coloured according to predicted functions outlined in the inset key. different plasmids (Table 1) . Plasmids pWBG747 and pWBG746 are related plasmids from ST73 MSSA and MRSA, respectively. Plasmid pWBG746 co-exists with pWBG745 in WBG10555 (WB43S), so mobilization was performed directly from this isolate. All non-conjugative plasmids except pMW2 and pWBG757 were mobilized with frequencies ranging between 1.97×10 29 and 5.4×10
28 (Table 1) .
Discussion
The emergence of antibiotic resistance threatens the control of infectious disease caused by S. aureus. This investigation introduces the pWBG749/pBRZ01 antibiotic resistance conjugative plasmid family and demonstrates that a derivative of pWBG749 carrying Tn551 can conjugate into S. aureus and mobilize unrelated antimicrobial resistance/virulence plasmids whose mechanisms of dissemination have not been understood. In S. aureus the distribution of plasmids has been reported to be lineage associated. 2 However, pWBG749e has conjugated into CC5, CC8, CC45, CC30, CC12, CC1 and singleton 93 S. aureus, demonstrating a broad S. aureus host range. While pWBG748 and 749 are the sole members of the pGS10 replication group and rep 21 family, the replication genes of pWBG745 belong to an orphan rep group, 2 indicating that they probably belong to different incompatibility groups. Plasmids pWBG748 and pWBG749 were from the same isolate, indicating that point mutations that exist in their replication regions may be sufficient to place them also into different incompatibility groups. These differences could enable pWBG749-like plasmids to co-exist in the same cell with many S. aureus plasmids, thus increasing their horizontal gene transfer (HGT) efficiency.
Isolates carrying pIB485-type plasmids have had a profound effect on S. aureus global epidemiology. We reveal that pIB485/ pWBG744 is present in pandemic clinical MRSA, international MSSA and colonizing MSSA from Australia and that it can be mobilized by pWBG749e. Furthermore, mobilization of pIB485/ pWBG744 from Australian and German MSSA indicates that pWBG749/pBRZ01 conjugative plasmids probably mediate HGT on a global scale.
Unlike pBRZ01, which was from a clinical CA-MRSA, pWBG748, 749 and 745 were from colonizing CA-MRSA. Similarly, pIB485/ pWBG744 has been found in clinical and colonizing S. aureus. With increasing reports of CA-MRSA causing hospital-acquired infections 13, 14 it is possible that pWBG749/pBRZ01 plasmids could become frequent disseminators of antibiotic resistance and virulence amongst clinical S. aureus and it is concerning that healthy community members are reservoirs for these plasmids. Table S1 is available as Supplementary data at JAC Online (http://jac. oxfordjournals.org/).
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